In the present study using the isolated urinary bladder of the the effects on 0, toxicity of 1-min and 5-min intermittent toad, the effects on O2 toxicity of I-min and 5-min intermittent nOrmOxic during a prolonged period h~~e r O x i c normoxic exposures were compared during a prolonged period (OHP). Various exposure were of hyperoxic exposure, Continuous exposure of the toad bladder tested at atmospheres (ATA) 4-1 (4 loo% O 2 to 0, at pressures of 2 A T A or greater reversibly inhibits active fouOwed by 4% 0 2 ) 6-19 9-1, 15-59 and 20-5' With sodium transport (short circuit current) across the bladder (2, 3, all schedules tested, intermittent normoxic exposure significantly 6 ) . OHP exposure of the toad bladder was regularly interprotected the SCC (active sodium transport) against the inhibi-rupted by or 5-min exposures to reduced 02 pressures. tion ATA O2' Two intermittent (4-1 and Various schedules of intermittent exposure were tested at 5 and were tested at lo ATA using 4% O2 for the reduced O2 pressure 10 A T A . In all cases, intermittent exposure of the toad bladder exposure. A significant decrease in the rate of SCC inhibition to reduced O2 pressures delayed the onset and reduced the was observed using both intermittent exposure schedules. The extent of sodium transport inhibition by OHP, One intermittent observed SCC protection by intermittent exposure (at 5 and 10 schedule actually caused a significant of sodium ATA) was not entirely a result of the decreased time of exposure transport across the bladder when with continuous
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to O H P . Four intermittent schedules were tested at 5 ATA, and normoxic exposure. It was concluded that I-min intermittent the effects On the SCC were 'Om* normoxic exposures were highly effective in protecting the toad pared with the effects of continuous normoxic exposure. During bladder sodium transport system from the inhibitory effects of a 5-hr exposure period, no significant SCC stimulation occurred OHP. using a 2-1, 4-1, or 9-1 intermittent schedule. Using a 5-5 intermittent schedule, however, a significant stimulation of SCC was observed at 4 and 5 hr. It was concluded that intermittent MATERIALS AND METHODS normoxic exposures as short as 1 min Can afford signfieant Experiments were performed on urinary bladders from adult protection against 0, toxicity. female toads (Bufo marinus). The toads originated from either Colombia, South America (Tarpon Zoo, FL) or from Texas Speculation (Mogul-Ed Company, WI) and were kept without feeding on sawdust moistened with tap water. One lobe of the toad bladder Pulmonary oxygen toxicity often limits the treatment of (hemibladder) was removed from the animal and mounted in a respiratory distress syndrome. Intermittent normoxic periods as short circuit current (SCC) apparatus which isolates two contigbrief as 1 min can be protective against in v i h 0 oxygen toxicity. uous 3.2 cm2 areas (quarterbladders) of the same tissue (18, This, combined with the previous demonstration that intermit -19) . One quarterbladder area served as a control for the tent normoxia is protective against pulmonary oxygen toxicity in experimental manipulation of the other. Quarterbladder areas man suggests that brief intermittent periods of air breathing were bathed on the mucosal and serosal sides by Ringer solumight decrease the incidence of bronchopulmonary dysplasia in tions which were mixed and aerated by bubbling gas through the infants requiring oxygen therapy.
solutions. The Ringer solution (207 mOsm/Kg H 2 0 ) was phosphate-buffered at pH 8.5 (after gassing) and contained YO mM NaCI, 5 mM NaHCO,, 3 mM KCI, 1 mM CaCI,, 0.5 mM Oxygen at high partial pressures (OHP) has been used cffcc-MgSO,, 2 mM KH,PO,, 1.2 mM Na,HPO,, and 5.5 mM tively in pediatric medicine to treat premature infants with glucose. respiratory distress syndrome (RDS). O H P has also been used
The SCC across epithelial membranes is equal to net sodium to treat anaerobic bacterial infections, carbon monoxide poison-ion flux under various experimental conditions (14, 19) . It was ing, severe burns, and decompression sickness (20) . The exten-assumed in this study that the SCC measured under hyperbaric sive use of O H P therapy in humans is restricted by the develop conditions was equal to net sodium ion flux across the bladder. ment of oxygen toxicity. In man, prolonged inspiration of 0, at Bladders were kept open circuited except during the brief time pressures of 1 A T A or greater causes bronchopulmonary dyspla-required to measure SCC. The potential difference across the sia and convulsions (13) . Studies in animals and man have bladder was measured concurrently with SCC. Fluctuations in demonstrated that the development of 0, toxicity can be delayed SCC were always associated with similar changes in potential o r prevented by interposing short periods of normoxia at regular difference. After a hemibladder was mounted in the SCC intervals during a period of hyperoxic exposure (1, 4 , 8, 11, 12, apparatus, the Ringer solutions bathing the bladder were bub-17). These studies used 5 min or more of normoxic exposure bled with 0, at 1 A T A for at least 1 hr before the start of the between hyperoxic exposures. In the treatment of premature experiment to allow the SCC to stabilize. After stabilization, the infants with RDS by hyperoxic exposure, intermittent 5-min SCC tended to increase slowly with time in the absence of experimental perturbation. Hemibladders with a potential difference of less than 10 mV 1 hr after mounting were not used in the experiments.
All experiments were performed in a specially designed hyperbaric system which has been previously described (15) . Bladder bathing solutions were bubbled with gas mixtures containing either 100% O,, 20% O,, or 4 % 0 , . Gas mixtures with less than 100% 0, contained N, as the inert gas. The type of gas delivered to either the experimental or control bladder area bathing solutions could be rapidly changed at ambient pressure by the manual operation of an experimental or control gas selector switch located outside the pressure chamber. Ambient pressure is the pressure surrounding the bladder and was equal to 1, 5, or 1 0 A T A . The partial pressure of 0, in the bladder bathing solution was monitored using a Clark oxygen probe (YSI 4004). 0, determinations were made in one representative experiment and were not repeated in subsequent experiments.
SCC values were normalized by dividing by the SCC measured immediately before pressurization. The data in 
RESULTS

EFFECT OF CONTINUOUS O2 EXPOSURE ON SCC
Continuous exposure of isolated toad bladders to 0, at high pressure causes an inhibition of SCC compared to control bladder areas exposed to air at high pressure (2, 3 , 16) . The extent of SCC inhibition is dependent on the 0, pressure and the length of exposure. In one representative group of hemibladders, the mean SCC was inhibited 4 3 2 6% relative to control bladder areas after 5 hr of exposure to 0, at 5 ATA (n = 13, P < 0.001). In a similar experiment performed at 10 A T A , 4 hr of exposure of hemibladders to 0, inhibited the SCC 81 2 3% relative to control bladder areas exposed to 10 ATA of air (n = 8; P < 0.001). The first significant inhibition of SCC by O H P occurred after 1.5 hr at 5 ATA ( P < 0.05) and 0.5 hr at 10 A T A ( P < 0.005) in the above experiments (16) .
RINGER OXYGEN PRESSURE FLUCTUATIONS DURING INTERMITTENT OXYGENATION
Regular interruption of 0, exposure of hemibladders by short periods of normoxic gassing caused a cyclical rise and fall in oxygen pressure in the Ringer solutions bathing the bladder (Fig. 1) . After manually switching the type of gas delivered to the bathing solution, a period of 1.5 min was required to clear residual gas from the gassing line. This 1.5-min period accounts for the delay between the start of normoxic gassing and the fall in Ringer 0, pressure. At 5 ATA the lowest 0, pressure recorded in the bathing solution after a 1-min period of normoxic gassing was 1260 mm Hg (1.66 A T A of 0 , ) When the period of normoxic gassing was 5 min, the 0, pressure of the Ringer solution was normoxic (152 mm Hg) for 2 min. The rate of equilibration of the gas in the Ringer solution with the bubbled gas was partially dependent on the bubbling rate. This was maintained at approximately 5 bubbles/sec in all experiments.
INTERMITTENT 0, EXPOSURE AT 5 ATA
Various intermittent exposure schedules were tested at 5 A T A including 4-1 (4 min 100% 0, followed by 1 min 4% 0 4 , 6-1, 9-1, 10-5, 15-5, and 20-5. The effect of each intermittent schedule on the SCC of the experimental bladder areas was compared to the effect of continuous 0, exposure on the SCC of the paired control bladder areas (Fig. 2) . With all schedules 
SCC STIMULATION BY INTERMInENT Oz EXPOSURE
Allen et al. (2, 3) reported that 15-75 min of exposure to 11 A T A 0, caused an increase in the ATP concentration in the toad bladder. Since most ATP produced by the bladder is used to support sodium transport (9. 10). it seemed possible that an intermittent oxygenation schedule might actually stimulate the SCC in the toad bladder. Four intermittent schedules were tested at 5 ATA which compared the effects on the SCC of intermittent oxygenation with the effects of continuous normoxic exposure (Fig. 4) . During a 5-hr exposure period, no significant SCC stimulation occurred at any time using a 2-1, 4-1, or 9-1 intermittent schedule. Significant SCC inhibition was observed in all three cases by 4 or 5 hr of exposure. Using a 5-5 intermittent schedule, however, a significant stimulation of SCC was observed at 4 and 5 hr relative to continuous normoxic exposure (n = 15; P < 0.05).
DISCUSSION
The toxic effects of prolonged 0, exposure create severe problems with the use of O H P for the treatment of respiratory disorders and other oxygen-responsive diseases. Two methods of reducing the harmful effects of O H P without concurrently reducing the beneficial effects have been proposed. These are the administration of chemical protective agents during O H P exposure (6, 7, 21) or the use of intermyttent oxygenation schedules (1. 4. 8. 11. 12. 17). Both methods are effective in , . . , vivo in eAending the tolerance of an organism to O H P by delaying the development of oxygen-induced pulmonary and central nervous system damage. Intermittent oxygen exposure in humans at 2 ATA (20 min 0,-5 min normoxic gas) significantly delayed the development of pulmonary 0, toxicity (reduction of vital capacity) relative to continuous 0, exposure at 2 ATA (5, 12) .
In the present study, the effects of intermittent oxygenation relative to continuous oxygenation were investigated in the in vitro toad bladder system. A comparison was made between the effects of I-min and 5-min intermittent normoxic exposures. In the toad bladder the inhibition of SCC by O H P at 5 ATA (Fig.  2 ) and 10 ATA (Fig. 3) could be delayed and partially prevented by intermittent schedules of 0, exposure. Intermittent normoxic exposures of I-min duration protected the SCC to about the same extent as 5-min normoxic exposures, provided the period of normoxic gassing represented the same fraction of the total time of 0, exposure. It was concluded that the sodium transport system was protected in part from the inhibitory effects of O H P by intermittent normoxic exposures. The reduced rate and extent of SCC inhibition during intermittent exposure did not result completely from a reduction in the total time of exposure to O H P ( Table 2 ). Although intermittent normoxic exposure delays and decreases the inhibition of SCC by O H P , there is a significant decrease in SCC during the intermittent O H P exposure (Fig. 4) .
All of the intermittent schedules tested for SCC protection used ratios of 0, time to normoxic time that were greater than 2.0. One intermittent schedule with a ratio of 1 .O (5 min 0,-5 min normoxia) was tested for SCC stimulation by comparing its effects on toad bladder SCC with the effects of continuous normoxic exposure at 5 ATA (Fig. 4) . The SCC was stimulated 20 * 9 % in bladder areas exposed for 5 hr to a 5-5 intermittent schedule. It is not known whether this stimulation of SCC resulted from an increase in the ATP concentration in the bladder following O H P exposure (2, 3) or whether it was caused by some other mechanism.
It is clear from these studies and from the work of others (1, 4, 8, 11, 12, 17) that schedules of intermittent normoxic exposure can delay the in vivo and in vitro development of 0, toxicity. Hendricks et al. (1 2) demonstrated that the use of a 20-5 intermittent normoxic schedule at 2 ATA in man delays the onset of pulmonary dysfunction, extending the total time O H P can be safely used. In the present study with the toad bladder at 5 ATA, it was shown that the protection against SCC inhibition afforded by a 20-5 intermittent normoxic schedule was similar to the protection afforded by a 4-1 schedule (Fig. 2) . This is the first demonstration that normoxic exposures as short as 1 min can afford significant protection against 0, toxicity. It is interesting that this protection occurred in spite of the fact that the partial pressure of O2 in the bladder bathing solution never fell below 1260 mm Hg (Fig. 1) . The effects of intermittent oxygenation on sodium transport in the isolated toad bladder may not be directly applicable to the effects of similar intermittent oxygen exposures on the pulmonary and central nervous systems in man. However, the results of these studies of intermittent O H P exposure of the toad bladder are consistent with previously reported in vivo mammalian studies and provide additional information which may be useful in the development of efficient and safe procedures for the therapeutic use of OHP.
CONCLUSION
The effect of intermittent hyperbaric oxygenation on sodium transport (SCC) across the toad bladder was investigated. At 5 and 10 ATA, intermittent exposure of the bladder to reduced 0, pressure delayed the onset and reduced the extent of SCC inhibition by OHP. At 5 ATA, intermittent I-min and 5-min normoxic exposures were equally effective in protecting the SCC from OHP-induced inhibition. A 5 min 0,-5 min normoxic schedule caused a significant stimulation of SCC compared to the effect of continuous normoxic exposure. It was concluded that the interruption of O H P exposure by intermittent 1-min normoxic exposures is highly effective in protecting toad bladder sodium transport from the toxic effects of OHP. 
